Splicing of pre-mRNA is an important step in eukaryotic gene expression, in which non-coding introns are removed from newly synthesized pre-mRNA by two step-wise transesterification reactions. Intron excision is catalysed by the spliceosome, a large and dynamic ribonucleoprotein particle (RNP) that assembles on each intron 1 . First, U1 and U2 snRNPs recognize the pre-mRNA 5′ splice site (5′ SS) and the branch-point sequence, forming the A complex, which associates with U4/U6.U5 tri-snRNP to form the pre-B complex 2 . The 5′ SS-U1 snRNP interaction is then disrupted by the helicase Prp28 (ref.
shape, formed in part by the U2 snRNP that protrudes over the tri-snRNP region, where the catalytic centre will be created. The yeast U2 snRNP contains 18 proteins, divided into 7 Sm proteins, the Msl1-Lea1 heterodimer, and the SF3a (Prp9, Prp11 and Prp21) and SF3b (Hsh155, Rse1, Cus1, Hsh49, Rds3 and Ysf3) subcomplexes ( Fig. 2a , Extended Data Fig. 4 ). Consistent with negative-stain electron microscopy of its human counterpart 36 , the yeast U2 snRNP has a bipartite structure, consisting of 5′ (or SF3b-bound) and 3′ (Sm core domain and the Msl1-Lea1 dimer) domains. The elongated SF3a subcomplex bridges the two domains, and in between U2 snRNA adopts the stem IIa/b configuration 1 (Fig. 2a, Extended Data Fig. 4c ). The SF3b subcomplex consists of Rse1, comprising the three β -propeller domains BPA, BPB and BPC, and the HEAT-repeat protein Hsh155, which together envelop Ysf3 and the Zn-containing Rds3 protein 20, 21, 30 . The pre-mRNA branch-point sequence and U2 snRNA form the branch helix, which is wedged into the split ends of the Hsh155 HEAT repeats, as in the B act structure 20, 21 . The nucleotide base of the branch-point adenosine (A70 in UBC4) is flipped out of the branch helix and makes contact with Tyr35 of Rds3 and a pocket formed by Hsh155 HEAT repeats H15-H17, as in the B act structure.
The U2 3′ domain and SF3a subcomplexes associate via contacts between the Prp9 Zn-finger 1 (ZnF1) and U2 Sm ring subunits SmD1 and SmD2. SF3a bridges the 5′ and 3′ domains 36 via the conserved Prp9 ZnF2 and Prp11 ZnF, which are anchored largely by SF3b subunit Cus1, U2 snRNA stem IIa/b, and the intron (Fig. 2b ). This explains why Prp9 ZnF2 and Prp11 ZnF are required for integration of SF3a into the human U2 snRNP and for A complex assembly 37 . The intron upstream of the branch helix is chaperoned by the Prp11 ZnF and a conserved α -helix in Prp9 (residues 407-415) that we term the 'wedge helix' (Fig. 2b) . The wedge helix binds U2 stem IIa, and separates the intron (position − 12 from the branch point) from U2 snRNA, guiding the intron towards its binding site on the SF3b Hsh49 RNA recognition motif 1 (RRM1) (around position − 17). Hsh49 RRM1 connects to RRM2, which rests on top of the Prp9 ZnF2 domain and binds U2 stem IIb. Thus, both Hsh49 RNA recognition motif domains bind to RNA, and mutation of these interfaces is lethal in yeast 38 . The SF3b protein Cus1 forms an extended polypeptide that folds onto Hsh155 HEAT repeats H16-H20 and the Rse1 BPC domain. Anchored at this site, Cus1 (residues 290-353) forms a globular domain with the Hsh49 RRM1 (ref. 28) , and nearby Cus1 regions bind the Prp9 ZnF2, the Prp11 ZnF, and U2 stem IIa (Fig. 2b ). Cus1 thereby scaffolds key U2 snRNA and pre-mRNA interactions. The structure thus reveals how SF3a and SF3b form an intricate network of protein-RNA interactions to chaperone U2 snRNA and the intron [38] [39] [40] [41] . Fig. 1 ) was positioned relative to tri-snRNP using a subset of particles (map B2) (see Methods). Tri-snRNP is shown as a surface (grey), except for Prp3 (yellow), Prp4 (light orange), the LSm ring (salmon) and Brr2 (pale cyan except for N-terminal and C-terminal helicase cassette RecA-1 and RecA-2 lobes (N-RecA-1, C-RecA-1, N-RecA-2 and C-Rec-A-2, respectively), shown in shades of blue and violet). b, Interface A. The U2 snRNP binds tri-snRNP via U2/U6 helix II and SF3b subunit Hsh155 HEAT repeats H11-H13, which bind the putative Prp3 N-terminal region. The U2 snRNA nucleotides that form the active site U2/U6 helix I in B act are disordered (dashed green line). The black arrowhead indicates the region of Prp3 helix α 4 that bends with different U2 snRNP positions. FER, ferredoxin-like fold. See Extended Data Fig. 5 . c, Transient interface B. SF3b subunit Cus1 and the Rse1 BPB contact Brr2 in a subset of cryo-EM particles (see Extended Data Fig. 5a ; Methods). Colours as in a. N-WH, winged helix domain of the Brr2 NHC.
B complex stabilization
The U2 snRNP 5′ domain binds to tri-snRNP through two interfaces (A and B; Fig. 3a , Extended Data Fig. 5a ). In interface A, the SF3b subunit Hsh155 binds to the U4/U6 di-snRNP protein Prp3 (Fig. 3b ). A long α -helix of Prp3 (α 4) extends from the Prp4 β -propeller domain towards the U6 LSm ring (LSm5 and LSm7 subunits), reaches across the LSm ring, and inserts its putative N-terminal helices between the LSm ring subunit LSm2 and the Hsh155 HEAT repeats H11-H13 ( Fig. 3a, b ). Interface A further involves U2/U6 helix II (ref. 13) , comprising the 3′ end of U6 snRNA and the 5′ end of U2 snRNA. U6 snRNA thereby tethers U2 and U5 snRNPs during spliceosome activation, when U4/U6 duplex unwinding and additional remodelling occurs. Importantly, the U2 snRNA nucleotides that form the active site U2/U6 helix I in B act remain disordered in B complex and available for pairing with U6 snRNA during activation.
Interface B is transient and found only in a subgroup of cryo-EM particles (map B2) ( Fig. 3a 
B complex protein interactions
Spp381, Prp38 and Snu23 are required for spliceosome activation and are important for viability in yeast 5, 42, 43 . These proteins are specific to the B complex in humans 44 , whereas they associate with isolated U4/U6.U5 tri-snRNP in yeast 6, 43, 45 , and are hereafter called B complex proteins. We obtained a reconstruction of the mobile B complex proteins with a local resolution of 4.0-5.0 Å from a subset of cryo-EM particles by focused classification (map B7) ( Fig. 4 , Extended Data Figs 1f, g, 2 and 6). Previously, this density was either not interpreted 26 or tentatively attributed to part of Snu66 (ref. 27 ). Prp38 scaffolds Spp381 and Snu23 (ref. 46) , and anchors these proteins at the Prp8 N-terminal domain (Prp8 N ), consistent with biochemical data 26, 31 (Fig. 4) . The Spp381 N-terminal region binds the winged helix domain of the Brr2 CHC, and continues between the Prp8 Jab1/MPN domain and the helix-loop-helix domain of the Brr2 NHC with its long helix α 2 (Fig. 4) . The Spp381 C-terminal region then binds along the globular Prp38 domain as in its human counterpart 46 and extends towards Prp8 N . This explains why deletion of the Spp381 N-terminal region impairs splicing, and why Spp381 can rescue the prp38-1 temperature-sensitive mutation 5 . Snu23 contains a conserved ZnF domain that binds Prp38 and the major groove of the U6 snRNA ACAGAGA stem to stabilize it ( Fig. 4) . The Snu23 N terminus binds the RecA-2 lobe of the Brr2 NHC and reaches near the NHC RecA-1 ATPbinding pocket. Snu23 may thereby stabilize Brr2 on the U4 snRNA substrate and influence Brr2 helicase activity (Extended Data Fig. 6f ). Thus, Spp381 and Snu23 together, held by Prp38, aid in positioning Brr2 to one side of the tri-snRNP. Consistent with the structure, several Prp8 mutations that suppress the U4-cs1 mutant 47 , which blocks U4/U6 unwinding, map near Prp8-B complex protein interfaces.
In B complex, the 5′ stem-loop of U6 snRNA binds the Prp8 N domain and the adjacent U6 nucleotides base pair with U5 loop 1. Consistent with this, U5 snRNA loop 1 nucleotides crosslink to a wide region surrounding the pre-mRNA 5′ SS in B complex, suggesting that the 5′ SS is in the vicinity of U5 loop 1 but does not base pair with it 48 . Pre-mRNA also does not crosslink to U5 loop 1 in the purified human B complex 2 . U6 snRNA continues past U5 loop 1 to form the ACAGAGA stem (map B7 and ref. 27 ) and is stabilized by the Snu23 ZnF domain, the extended Prp38 N terminus, and tri-snRNP proteins Dib1, Prp6 and Prp8 ( Fig. 4 , Extended Data Fig. 6g ). Destabilization of these interactions by mutations of the Prp38-Snu23 ZnF 5 interface and the Snu23 ZnF domain 43 causes growth defects in yeast. The base of the U6 snRNA ACAGAGA stem is further enclosed by the previously disordered Prp8 residues 2121-2140 (refs 26, 27) that form a β -hairpin, to which Snu23 adds a β -strand. Weak density (maps B2 and B7) connects from the tip of the U6 ACAGAGA stem to the SF3b-bound intron (Extended Data Fig. 6e ), approximately 90 Å apart, and RNA crosslinking 2, 48 suggests that this is pre-mRNA near the 5′ SS. Taken together, the structure indicates that the extensive interactions involving the B complex proteins stabilize Brr2 on U4 snRNA and the weak tethering of the putative 5′ SS to U6 snRNA before spliceosome activation. 
B complex assembly
Comparisons of yeast B complex and negative-stain EM projections of human B complex 2,32 reveal a conserved architecture, including the location of the Brr2 helicase (referred to as the 'stump' domain in refs 2, 31), suggesting that events before B complex formation may also be conserved. In the human system, an ATPase-deficient mutant of PRP28 accumulates the pre-B complex 2 , where U1 snRNA remains paired to the 5′ SS 3 (Extended Data Fig. 7 ). In human U4/U6.U5 tri-snRNP, PRP28 binds the PRP8 N and PRP8 endonuclease (PRP8 EN ) domains and SAD1 tethers the BRR2 helicase distant from its U4 snRNA substrate 25 . Importantly, the Prp28-binding site is altered and overlaps with that of the B complex proteins in yeast B complex (Extended Data Fig. 6h ). This suggests that Prp28 is released after disrupting the U1 snRNA-pre-mRNA interaction to allow the recruitment of B complex-specific proteins to the Prp8 N domain, and binding and repositioning of the helicase Brr2 to its B complex location on U4 snRNA (Extended Data Fig. 6h ). The U6 ACAGAGA stem is then stabilized by the B complex proteins to allow tethering of the 5′ SS near the tip of the stem before activation, consistent with crosslinking 48 . Prp28 and Sad1 exist in both yeast and humans, suggesting that the conversion from pre-B to B complexes is a conserved feature of splicing. We also note that the surprisingly large space between opposite ends of the concave B complex structure may accommodate the U1 snRNP during early spliceosome assembly (Extended Data Fig. 7c ), and allow for structural rearrangements during spliceosome activation.
Model of spliceosome activation
Comparison of the yeast B complex structure presented here with the yeast B act structure 20, 21 leads to a more detailed model for spliceosome activation (Figs 5, 6, Extended Data Figs 7d, 8 ). In the B complex, the helicase Brr2 is positioned by the B complex proteins and engaged with the U4 snRNA substrate. The 3′ end of U6 snRNA is held by pairing with U2 snRNA, while the 5′ stem of U6 snRNA is anchored to the Prp8 N domain. Spliceosome activation is initiated by ATPdependent translocation of Brr2 along the U4 snRNA. Unwinding of the U4/U6 duplex exposes the central region of U6 snRNA, which may fold spontaneously to form the U6 snRNA internal stem-loop. The disordered single-stranded region of U2 snRNA in the B complex ( Fig. 3b ) then pairs with U6 snRNA to form U2/U6 helix 1a and 1b (ref. 13) , followed by formation of the catalytic U2/U6 triplex to complete the catalytic RNA centre 49 (Fig. 6 ). The loss of U4 snRNA and U4/U6 di-snRNP proteins together with formation of the catalytic centre may induce a large movement of the U2 snRNP towards the Prp8 large (Prp8 L ) domain, and facilitate a new contact between the SF3b Rse1 BPB and Brr2, which also moves from its B complex location (Fig. 6) . The B complex proteins may detach from Brr2 in this new position, owing to a steric clash with the Prp8 EN domain. This uncovers the binding site for B act proteins Cwc24 and Cwc27 at the Prp8 N and Prp8 EN domains, which stabilize the new interaction network. Our model suggests that the folding energy of the catalytic RNA core alone could mediate several of the observed remodelling events ( Fig. 6 ) and promote the binding of stabilizing B act , NTC and NTR proteins.
Before activation, U6 snRNA binds Prp8 N with its 5′ stem, passes over U5 loop 1, and forms the U6 ACAGAGA stem, where it tethers the pre-mRNA near its 5′ SS. U4/U6 unwinding together with the loss of U4/U6 di-snRNP-and tri-snRNP-specific proteins, and the destabilization of B complex proteins allow the U6 5′ stem to reposition to the opposite side of the complex (Fig. 5 ), where NTR proteins Bud31, Ecm2 and Cwc2 anchor it onto Prp8 N in the B act structure. These remodelling events free U5 loop 1 from U6 snRNA and together destabilize the U6 ACAGAGA stem. The tethered 5′ exon and 5′ SS can now be recognized by U5 loop 1 and the exposed U6 ACAGAGA box. The 5′ exon is then loaded in the newly created exon channel, formed by rotation of the U5 foot domain and association of Cwc21 and Cwc22 (ref. 18) (Extended Data Fig. 8 ). A loop of SF3a subunit Prp11 folds in B act and together with Cwc24 shields the 5′ SS from the active site, while the SF3b-bound branch helix is immobilized 50 Å away, ready for Prp2-mediated conversion to B* and step 1 of splicing 18 .
Activation in yeast, from B to B act complex spliceosomes, involves the release of 24 proteins 9,31 and the recruitment of 22 others (Extended Data Fig. 8a ) plus extensive rearrangements of the RNA network. Detailed structural knowledge of both B and B act complexes now provides a framework to dissect the activation mechanism and to determine the precise order of molecular events leading to formation of the spliceosome active site.
Online Content Methods, along with any additional Extended Data display items and Source Data, are available in the online version of the paper; references unique to these sections appear only in the online paper. 
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MethOdS
No statistical methods were used to predetermine sample size. The experiments were not randomized, and investigators were not blinded to allocation during experiments and outcome assessment. Preparation and purification of B complex. To prepare B complex spliceosomes for structural study, we grew yeast Saccharomyces cerevisiae containing a TAPS affinity tag on Brr2 (ref. 51 ) in a 120 l fermenter. Splicing extract was prepared using the liquid nitrogen method essentially as described 52 , with an additional 18 h dialysis against buffer A (20 mM HEPES, pH 7.9, 50 mM KCl, 20% glycerol, 0.2 mM EDTA, 0.5 mM DTT), to deplete ATP. UBC4 pre-mRNA 53 containing two MS2 stem-loops at the 5′ -end was made by in vitro transcription. The RNA product was subsequently labelled with fluorescein 54 at its 3′ end to monitor complex purification. In vitro splicing reactions were assembled from pre-mRNA substrate pre-bound to MS2-MBP fusion protein as described 55 . Splicing reactions contained 50 μ M ATP to stall splicing at the B complex stage as described 9, 34 , and proceeded for 50 min at 23 °C. The reaction mixture was centrifuged through a 40% glycerol cushion in buffer B (20 mM HEPES, pH 7.9, 50 mM KCl, 1% glycerol, 0.2 mM EDTA, 1 mM DTT, 0.04% NP-40). The cushion was collected, diluted with buffer B, and applied to amylose resin (NEB) pre-washed with buffer C (20 mM HEPES, pH 7.9, 75 mM KCl, 5% glycerol, 0.2 mM EDTA, 1 mM DTT, 0.04% NP-40). After 12 h incubation at 4 °C, the resin was washed with buffer C and eluted in buffer C containing 50 mM KCl and 12 mM maltose. Fractions containing spliceosomes were pooled and applied to Strep-Tactin resin (GE Healthcare), pre-washed with buffer C, and incubated for 4 h at 4 °C. The resin was washed with buffer C, and the sample was eluted with buffer D (20 mM HEPES, pH 7.9, 50 mM KCl, 0.2 mM EDTA, 1 mM DTT, 2.5 mM desthiobiotin). Fractions containing spliceosomes were pooled and crosslinked using 1 mM BS3 (Sigma) on ice for 1 h, and subsequently quenched with 50 mM ammonium bicarbonate. The sample was concentrated to around 1.5 mg ml −1 and immediately used for EM sample preparation. The isolated complexes contained U2, U4, U5 and U6 snRNA and pre-mRNA, and all proteins previously assigned to pre-catalytic spliceosomes 9, 31 . The U1 snRNP was identified in sub-stoichiometric amounts, consistent with its destabilization in B complex 2,31 (Extended Data Fig. 1a, b) .
To confirm that purified B complex spliceosomes were functional, we carried out an in vitro splicing assay. B complex was prepared as for EM studies using labelled UBC4 pre-mRNA, but was not crosslinked, and was flash-frozen in liquid nitrogen and stored at − 80 °C until further use. In vitro splicing was carried out in the presence of 2 mM ATP and unlabelled 60 nM pre-mRNA competitor, inhibiting de novo spliceosome assembly. Purified B complex was incubated with nuclear extract for 10 min before adding ATP, and product formation was visualized after 50 min of splicing at 23 °C on a denaturing 18% polyacrylamide TBE gel with a Typhoon scanner (GE Healthcare) (Extended Data Fig. 1c ). Electron microscopy. B complex spliceosomes were first studied by negative-stain EM. Copper grids (Quantifoil) were coated with a ~ 10-nm homemade carbon film and glow-discharged 20 s before deposition of 3.5 μ l sample (0.15 mg ml −1 ). The sample was incubated for 1 min and grids were blotted with three 3.5 μ l drops of distilled water. The sample was stained in a 3.5 μ l drop of saturated uranyl formate solution for 1 min, and blotted until dry. 409 images were recorded using a FEI Spirit microscope operated at 120 kV and a 2k × 2k CCD camera with a defocus of approximately 1.5 μ m and a nominal magnification of 26,000 (3.84 Å pixel −1 ).
For cryo-EM analysis the sample was applied to R1.2/1.3 holey carbon grids (Quantifoil) and coated with a 5-7 nm homemade carbon film. Grids were glowdischarged for 15 s before deposition of 3 μ l sample (approximately 1.5 mg ml −1 ), and subsequently incubated for 2-3.5 s before blotting and vitrification by plunging into liquid ethane with a Vitrobot Mark III (FEI) operated at 4 °C and 100% humidity. Cryo-EM data was acquired on a FEI Titan Krios operated in EFTEM mode at 300 keV, equipped with a K2 Summit direct detector (Gatan) and a GIF Quantum energy filter (slit width of 20 eV, Gatan). Data acquisition was carried out with Digital Micrograph (Gatan) to record 5,115 movies with a defocus range of − 0.35 μ m to − 5.3 μ m at a nominal magnification of 81,000 (1.43 Å pixel -1 ). The camera was operated in 'super-resolution' mode (0.715 Å pixel -1 ) with a total exposure time of 16 s fractionated into 20 frames, a dose rate of approximately 1.25 e − pixel −1 s −1 , and a total dose of 56 e − Å −2 per movie. Movies were binned once and aligned using MOTIONCORR 56 . Image processing. For single-particle analysis, CTF parameters were estimated using CTFFIND4 (ref. 57 ) and CTF correction and subsequent image processing were carried out using RELION 2.0 beta 58 , unless otherwise noted. Resolution is reported based on the gold-standard Fourier shell correlation (FSC) (0.143 criterion) as described 59 and temperature factors were determined and applied automatically in RELION 58 . For negative-stain analysis, 12,229 particles were selected semi-automatically using e2boxer.py from EMAN2 (ref. 60 ), extracted using a 176 2 pixel box and pre-processed to normalize the images. The negative stain map of human BΔ U1 (ref. 32) (EMDB code EMD-1066) was used as an initial reference for 3D refinement of the 12,229 particles set. A single round of 3D classification revealed a B complex density from 3,707 particles (Extended Data Fig. 3a ) that was refined to an estimated resolution of 50 Å (Extended Data Fig. 3b ). This density was low-pass filtered to 60 Å and used for processing of cryo-EM data.
For cryo-EM analysis, an initial set of 7,208 particles were selected semiautomatically using e2boxer.py 60 , and extracted with a 480 2 pixel box and preprocessed to normalize the images. Reference-free 2D class averages were calculated and filtered to 30 Å resolution and used for automated picking in RELION 61 of all micrographs. The resulting particles were screened manually and by reference-free 2D classification, yielding 496,581 particles for subsequent processing. A 3D reconstruction of all particles was calculated to an overall resolution of 4 Å, and subjected to particle polishing in RELION 58 , improving the resolution to 3.7 Å.
Hierarchical 3D classification was carried out without image alignment to reduce computational costs and identify homogenous particle groups (Extended Data Fig. 2 ). Soft masks enveloping complete B complex or smaller regions were generated using the volume eraser in UCSF Chimera 62 and RELION 58 . This included masks for tri-snRNP (excluding the helicase domain), B complex proteins, U2 snRNP SF3b and U2 3′ domain-SF3a subcomplexes. Each resultant class was refined using the 3D auto-refine procedure against the respective particles within that class with a soft reference mask in the shape of the feature of interest, yielding B1-B7 reconstructions (Extended Data Figs 1f,  2 and 3c, d) . To improve the resolution of regions with weak density, we used focused refinements (B4, B5 and B7) together with signal subtraction (B1, B3 and B6) as described 63 . The B1 reconstruction (improved SF3b density) was calculated in a focused refinement from 254,095 particles from which the tri-snRNP signal was subtracted 63 , and was determined to a resolution of 3.9 Å with a temperature factor of 125 Å −2 . The B2 reconstruction was determined from 9,559 particles to a resolution of 7.2 Å with a temperature factor of 170 Å −2 , and was used to determine the relative positions of U2 snRNP and tri-snRNP for the complete B complex model (see 'Structural modelling'). The B3 reconstruction (improved U2 snRNP 3′ domain-SF3a densities) was calculated in a focused refinement from 79,166 particles from which the U2 snRNP SF3b and tri-snRNP signal was subtracted 63 , and was determined to a resolution of 17.2 Å with a temperature factor of 200 Å −2 . The low resolution of the B3 density is probably due to flexibility of the U2 3′ domain relative to SF3a. The B4 reconstruction (improved tri-snRNP body density) was calculated in a focused refinement from 327,490 particles to a resolution of 3.6 Å with a temperature factor of 105 Å −2 . The B5 reconstruction (improved tri-snRNP foot domain density) was calculated in a focused refinement from 327,490 particles to a resolution of 3.8 Å with a temperature factor of 127 Å −2 . The B6 reconstruction (improved helicase density) was calculated in a focused refinement from 327,490 particles from which the tri-snRNP signal, excluding the helicase domain, was subtracted 63 , and was determined to a resolution of 4.3 Å with a temperature factor of 140 Å −2 . The B7 reconstruction (improved B complex protein density) was calculated in a focused refinement from 62,406 particles to a resolution of 4.0 Å with a temperature factor of 80 Å −2 . Local resolution estimates were determined using ResMap 64 (Extended Data Fig. 3e, f) . Structural modelling. A composite model of B complex was obtained using B1-B7 densities (Extended Data Figs 1f, g, 9, Extended Data Table 1 ). Model building was carried out in COOT 65 . Coordinates were refined in real space using phenix. real_space_refine in PHENIX 66 into the respective sharpened density, applying secondary structure, rotamer, nucleic acid, and metal coordination restraints, unless otherwise noted (Extended Data Fig. 9 ). The B act SF3b and Prp11 ZnF cryo-EM model 21 (PDB accession 5GM6) was fitted into the B1 density and adjusted. We additionally modelled the conserved Prp9 ZnF2, Prp9 C terminus (residues 503-528), Cus1 N-and C-terminal regions, U2 snRNA stem IIb, and re-assigned Hsh49 RRM2. The Cus1 (residues 290-368)-Hsh49 RRM1 crystal structure 28 was fitted into the B1 density and adjusted. The pre-mRNA sequence was changed to that of UBC4 and an altered pre-mRNA path downstream from the branch-point adenosine could be determined compared to the B act model 21 (Extended Data Fig. 8e ). Furthermore, the crystal structure of the LSm ring 67 (PDB code 4M7A) could be fitted in a unique orientation in the B1 density and the putative Prp3 N-terminal region (residues 35-71) and Prp3 helix α 3, bridging SF3b to the LSm ring, were modelled as poly-alanine. The amino acid register for Prp3 residues 35-138 is uncertain. A homology model of the yeast Sm ring was generated based on the human Sm ring 68 (PDB code 4WZJ) using MODELLER 69 and was fitted into B5 and B6 maps for U5 and U4 snRNPs, respectively, and adjusted. The cryo-EM structure of the U2 3′ domain from C complex 18 , where the Sm ring was replaced with the adjusted MODELLER 69 model, and the SF3a crystal structure 29 , where selenomethionine residues were changed to the original protein sequence in COOT 65 , were fitted automatically into the B3 density using a global 6D search in Situs 70 . The U2 3′ domain-SF3a complex was positioned relative to SF3b (B1 density) by fitting into the reconstruction from round 5 class 6 (Extended Data Fig. 2) . This yielded a model for the complete U2 snRNP as well as its interaction with Prp3 and the nearby LSm ring. Previous cryo-EM models of the yeast tri-snRNP 26, 27 (PDB codes 3JCM and 5GAN) were fitted into B4, B5 and B6 cryo-EM densities, and were manually adjusted and extended in COOT. The B4 density was used in particular to improve models for Prp3, Prp4, Prp6 and Prp31. A Prp6 helix (residues 64-80) was assigned based on weak density connectivity. Snu66 (residues 148-236) and two peptides of unknown polarity, which bind Prp6 and the Prp8 switch loop, were built as well. The U6 5′ stem and the U6 nucleotides that bind U5 snRNA loop 1 were located in the B4 map, as in an earlier study 27 . The U5 snRNA variable stem-loop II, stem III and stem IV (Extended Data Fig. 7a ) were predicted by RNAfold 71 and RNAComposer 72 , and fitted into the B5 density and adjusted. Using the B6 density models for Brr2, U4 snRNA, and the Sm ring were adjusted and the register of Snu66 bound to Brr2 was revised (residues 297-323 and 343-364), consistent with protein crosslinking 26 . Additionally, the Spp381 N-terminal region (residues 98-151) was identified based on density connectivity to the Spp381 C terminus (Extended Data Fig. 6a ) and protein crosslinking 26 and was modelled as poly-alanine. The Snu23 helix α 1 was placed as a poly-alanine model into the B6 density, based on connectivity to the Snu23 ZnF. To model the globular domain of the B complex proteins Spp381, Snu23 and Prp38, we first generated a homology model based on the Chaetomium thermophilum Prp38-Snu23 (residues 137-157)-MFAP1 (yeast Spp381; residues 217-296) heterotrimer 46 (PDB code 5F5V) using MODELLER 69 . The homology model was fitted into the B7 density and adjusted and extended in COOT 65 . Spp381 helices α 3 and α 4 were modelled as poly-alanine into weak density (B7) based on homology to the C. thermophilum structure 46 . Snu23 ZnF and Prp38 N-terminal regions and the previously disordered Prp8 residues 2121-2148 (refs 26, 27) , connecting the RNase H and Jab1/MPN domains, were built into the B7 density. The complete U6 ACAGAGA stem could be modelled in the B7 map, together with a short stretch of density that we assigned to pre-mRNA. This density connects at low threshold to the intron bound by the U2 snRNP SF3b subcomplex, suggesting it is pre-mRNA (Extended Data Fig. 6e ). This density could not be assigned to another part of B complex as surrounding protein and RNA parts are accounted for. The register of pre-mRNA at the U6 ACAGAGA stem is unknown, and was modelled here based on complementarity with UBC4 pre-mRNA upstream and nearest to the 5′ -exon, consistent with RNA crosslinking 48 . To generate a model for tri-snRNP, we combined models refined into B4, B5, B6 and B7 densities, and placed them together into the B7 map. To generate the complete B complex model, we used a reconstruction of B complex with a defined position of the U2 snRNP SF3b complex relative to tri-snRNP (B2 map, round 3 class 8, Extended Data Fig. 2 ), to reveal their transient contact at interface B (Fig. 3a, c) and to model the complete U2 snRNP on tri-snRNP. The U2 snRNP is flexibly linked to tri-snRNP, and adopts a continuum of conformations (round 4, Extended Data Fig. 2 ). The Prp3 helix α 4, modelled as an ideal α -helix as poly-alanine, and U2/U6 helix II, modelled as an idealized double-stranded RNA helix, were rigid-body fitted into the B2 density. To visualize the transition from B to B act complex spliceosomes, we revised the SF3b model in the B act structure 21 (PDB code 5GM6) in the corresponding density (EMDB code EMD-9524) and modelled the U2 3′ domain-SF3a subcomplexes based on another B act cryo-EM map 20 (EMDB code EMD-4099) that was low-pass filtered to 30 Å resolution. The final B complex structure comprises 52 proteins, 4 snRNAs, and the pre-mRNA substrate (Fig. 1 , Extended Data Table 1 ). Figures were generated with PyMol (http://www.pymol.org) and UCSF Chimera 62 . Data availability. Three-dimensional cryo-EM density maps B1, B2, B3, B4, B5, B6 and B7 have been deposited in the Electron Microscopy Data Bank (EMDB) under the accession numbers EMD-3682, EMD-3683, EMD-3684, EMD-3685, EMD-3686, EMD-3687 and EMD-3688, respectively. The coordinate file of B complex has been deposited in the Protein Data Bank (PDB) under the accession number 5NRL. All other data are available from the corresponding authors upon reasonable request.
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Extended Data Figure 3 | Negative-stain and cryo-EM reconstructions of B complex. a, Three-dimensional image classification of negative-stain EM data. A total of 12,296 particles were refined using the negative-stain reconstruction of the human BΔ U1-complex 32 (EMDB code EMD-1066) as the initial reference, and were subsequently classified. Class 2 contained most features and was used for 3D refinement. The percentage of single particles contributing to each class is provided. b, Two orthogonal views of the yeast B complex negative-stain reconstruction used as the initial reference for processing of the cryo-EM dataset. c, Gold-standard Fourier shell correlation (FSC = 0.143) of the respective B1, B2, B3, B4, B5, B6 and B7 cryo-EM single-particle reconstructions. d, Orientation distribution plot of all particles that contribute to the respective B1, B2, B3, B4, B5, B6 and B7 cryo-EM single-particle reconstructions. e, The composite B complex cryo-EM density (maps B1-B7) is shown in two orthogonal views and coloured by local resolution, as determined by ResMap 64 . Compare with Extended Data Fig. 1f. f Fig. 1e ). The U2 snRNP moves together with the U6 LSm ring, which is anchored via the putative Prp3 N terminus. A cartoon summarizes the movements in two orthogonal views. The location of the U2 snRNP has an apparent effect on the strength of the putative pre-mRNA 5′ exon cryo-EM density (compare Extended Data Fig. 6e ). When the U2 snRNP is positioned away from the U6 ACAGAGA stem, the pre-mRNA density is weaker than when the U2 snRNP is positioned closer. This suggests how Brr2 helicase activity may perform a kinetic proofreading of the pre-mRNA 5′ -exon-U6 snRNA interaction: When the U2 snRNP is close to the tri-snRNP, activation may occur normally (productive activation). However, when the U2 snRNP is positioned further away and the 5′ exon is not tethered, Brr2 activity may instead lead to dissociation of the U2 snRNP from the tri-snRNP (non-productive activation) 12 
Extended Data Figure 6 | Details of B complex proteins and U6 snRNA. a, Fit of the Spp381 model to B6 (helices α 1-α 2) and B7 (helices α 3-α 4) cryo-EM densities. Helix α 4 was modelled into weak density (B7) based on homology to the human and Chaetomium thermophilum crystal structures 46 . For cryo-EM density nomenclature, see Extended Data Fig. 1f. b , Fit of the Prp38 model to the B7 cryo-EM density. Helix α 5 is shown below, revealing side-chain features in the density. c, Fit of the Snu23 model to B6 (helix α 1) and B7 (remainder of Snu23) cryo-EM densities. Helix α 2 is shown below, revealing side-chain features in the density. d, Composite cryo-EM density and fit of the U6 snRNA model. The B1, B2, B4, B5 and B7 densities are shown without (left) and with (right) the U6 snRNA model superimposed. U6 elements and the site of interaction with the U5 snRNA loop 1 are indicated. e, A weak density for pre-mRNA connects from the U6 snRNA ACAGAGA stem to the U2 SF3b-bound intron. The connecting density (map B2) is shown at intermediate (grey, threshold of 0.023) and low (light blue, threshold of 0.0173) thresholds. The U6 snRNA densities are shown as in d. The register of pre-mRNA near the U6 ACAGAGA stem is uncertain and was tentatively modelled based on complementarity with UBC4 pre-mRNA upstream and nearest to the 5′ exon, consistent with RNA crosslinking 48 . According to this register, approximately 40 pre-mRNA nucleotides separate U6-and SF3b-bound regions. The bottom right panel shows the fit of the pre-mRNA-U6 snRNA ACAGAGA stem-loop model to the unsharpened B7 density. For cryo-EM density nomenclature, see Extended Data Fig. 1f . f, Snu23 binds near the nucleotide-binding pocket of the Brr2 NHC, where it may influence Brr2 activity. Brr2 (pale cyan) and Snu23 (violet) models are superimposed on the B6 cryo-EM density, coloured as the underlying proteins. The RecA-1 and RecA-2 lobes of the Brr2 NHC are labelled, and an ADP nucleotide was modelled by aligning the NHC of human BRR2 bound to ADP 73 (PDB code 4KIT) on the equivalent yeast Brr2 residues. The path of the Snu23 N terminus cryo-EM density is indicated, and is near to the Brr2 nucleotide-binding pocket. g, The U6 ACAGAGA stem is chaperoned by Dib1, Prp6, Prp8 and B complex proteins. Stabilization of the U6 ACAGAGA stem may facilitate tethering of pre-mRNA at its tip, whereas the U6 ACAGAGA box is buried in the stem. Surface models of Snu23 ZnF, Prp38 N terminus, Prp6 N terminus, Dib1, Prp8 L and Prp8 N domains, and Brr2 are shown and reveal a network of protein-RNA contacts to maintain the U6 ACAGAGA stem. h, Comparison of human tri-snRNP 25 (PDB code 3JCR) and yeast B complex (this study) reveals that the Prp8 N and Prp8 EN domains serve as a platform for mutually exclusive binding of Prp28 and B complex proteins. Their Prp8 N binding sites overlap and the altered location of the Prp8 EN domain between the two complexes provides additional interfaces for either Prp28 or B complex proteins to bind. Movements compared to B complex in Brr2 and U4/U6 di-snRNP are indicated with arrows, and may occur after A complex association. The U2 snRNP is shown in grey to highlight tri-snRNP components, which are coloured as in Fig. 1 . Comparison with B act and C* structures [20] [21] [22] [23] [24] further suggests that the Prp8 N and Prp8 EN domains serve as a general platform for step-specific splicing factors during the splicing cycle.
Extended Data Figure 7 | U5 snRNA model, location of the U1 snRNP, and RNA secondary structure diagrams. a, An improved model for U5 snRNA. A secondary structure diagram (left) and refined coordinate model (right) are shown, and the newly determined variable stem-loop II, stem III and stem IV are labelled together with known U5 snRNA elements. The long form of U5 snRNA is shown, where the short form ends with nucleotide 179. The grey boxes indicate regions not included in the model. Lines indicate Watson-Crick base pairs, and dots indicate G-U wobble base pairs. The U5 snRNA model was prepared by M. Wilkinson. b, Putative model of the RNA interaction network in the pre-B complex. The RNA network is unchanged compared to B complex, except for the interaction of the pre-mRNA 5′ -exon with U1 snRNA 74 . Only loop 1 of U5 snRNA is shown. Lines indicate Watson-Crick base pairs, dots G-U wobble base pairs, stars denote non-canonical base pairs, and dotted lines putative nucleotide interactions. c, Putative location of the U1 snRNP. To gain insights into U1 snRNP location relative to U2 snRNP and tri-snRNP, we combined genetic, biochemical and structural observations. The U1 snRNP may bind between the human SF3a subunit SF3A1 (yeast Prp21) 75 , the Prp28-binding site 25 , Brr2 (ref. 76) , and the U6 ACAGAGA stem. In B complex, the U1 snRNP may be destabilized owing to a steric clash with Brr2, which is likely to be repositioned compared to the pre-B complex, as in the human tri-snRNP structure 25 . In humans, the U1 snRNP may be further destabilized by a loss of A complex-specific proteins 2 . Brr2 repositioning may therefore serve as a checkpoint to signal the release of U1 snRNA from pre-mRNA. d, RNA secondary structure diagrams of regions modelled in B and B act complex spliceosomes, using UBC4 pre-mRNA. The pre-mRNA substrate in B act (ref. 21 ) is a mixture of cellular pre-mRNAs and its sequence is replaced by that of UBC4. The consensus nucleotides at the 5′ SS and branch point sequence in yeast are shown in bold. Only loop 1 of U5 snRNA is shown. Lines indicate Watson-Crick base pairs, dots denote G-U wobble base pairs, stars denote non-canonical base pairs, and dotted lines putative nucleotide interactions. Highlighted are the branch-point adenosine, pre-mRNA 5′ and 3′ exons, and the U6 ACAGAGA box.
